Summary
Introduction
The optimal timing of renal replacement therapy (RRT) initiation in acute kidney injury (AKI) remains a matter of debate [1] . Early removal of the uraemic toxins and prevention of acid-base, electrolyte and volume-related disorders with pre-emptive dialysis could theoretically improve outcomes in critically ill patients. However, unnecessary initiation of RRT in patients who could shortly recover enough renal function to stay off dialysis might expose them to dialysis-related complications and impede prompt recovery of renal function. Two relatively recent metaanalyses, derived mostly from observational cohort studies, suggested a survival benefit among patients with AKI who were offered "early" RRT [2, 3] . However, given the paucity of randomised data, clinical practice guidelines have suggested further research on this topic [4] . Four randomised controlled trials (RCTs) attempting to address this question have been published over the last 4 years [5] [6] [7] [8] . Systematic review and meta-analysis of the larger pool of randomised data now available is needed to provide clarity on the potential benefits and risks of early compared with delayed initiation of RRT in AKI and to provide the information needed to most efficiently plan definitive trials. We therefore conducted a systematic review and meta-analysis of randomised trials to better estimate the effects of early initiation of RRT among patients with AKI compared with late initiation of RRT on shortterm mortality as well as other relevant outcomes such as recovery from AKI and infectious complications. We also analysed the impact of preventive dialysis on the same outcomes.
Materials and methods

Search strategy
The protocol for this meta-analysis was pre-specified and registered in the PROSPERO registry (http://www.crd.york.ac.uk/PROSPERO/, CRD42016045603). The PRISMA 2009 checklist was used for results reporting [9] . Ethics approval was not required, this study being a meta-analysis of published RCTs.
A Medline literature research was conducted in PubMed from January 1960 to July 2016, inclusive. The reference lists of all selected studies and available meta-analyses were also reviewed. The following Mesh terms were used: Renal Dialysis or Peritoneal Dialysis or Kidneys, Artificial or Acute Kidney Injury/therapy and Acute Kidney Injury. The search was limited to Clinical Trials or Randomized Clinical Trials or Meta-Analyses, and concerned articles in the English or French language. The search was repeated for the same terms as free text rather than Mesh terms in the Title or the Abstract, using the same limits. An alternative strategy, using clinical trial-specific Mesh terms or text words, was also used (appendix 1).
Eligibility criteria
All the following criteria were required for inclusion: (1) study population: adult patients with AKI; (2) intervention: timing of RRT (early vs late); (3) study design: RCTs published in the form of an article or an abstract (nonrandomised cohort trials were not included in this meta-analysis); (4) at least one of the relevant outcomes reported: mortality at the end of the study follow-up period or recovery from AKI. All studies with patients at risk for but without established AKI who fulfilled criteria 2 to 4 were also identified. Those studies were separately analysed in a post-hoc analysis.
Study selection
Two authors (T.M. and D.E.A.B.) independently reviewed the literature and selected the studies based on the aforementioned eligibility criteria. Any discrepancies were resolved in a conference with the participation of the third author (D.C.). Study investigators were contacted if more information was needed on the study design and population.
Study outcomes and quality assessment
The primary outcome was in-hospital or ≤60 day mortality. The secondary outcome was renal recovery. Recovery of the renal function was defined as no need for RRT in patients who were assigned to or required dialysis. The Jadad score was used to assess the quality of each study [10] . Data extraction and quality assessment were independently performed by two authors (T.M. and D.E.A.B.).
Statistical analysis
The principal summary measure was the risk ratio (RR) with 95% confidence interval (CI). The pooled risk ratio for each outcome was estimated using a random-effects model. Results are presented in a forest plot. A sensitivity analysis was performed based on a Jadad score above or below 2. The I 2 index was used to quantify heterogeneity and assess inconsistency. Publication bias was assessed on the basis of the funnel plot. To explore heterogeneity, the following additional analyses were pre-specified: (1) year of the study: study period before or after 1996; (2) RRT modality: intermittent haemodialysis versus continuous RRT; (3) cause of AKI: surgical vs medical, sepsis vs not sepsis; (4) Definition of early vs late renal replacement therapy. A separate analysis for all outcomes was performed excluding studies with a Jadad score of 2 or less.
Analyses were performed using Review Manager 5.3.5 (The Cochrane Collaboration, Copenhagen). A p-value <0.05 was considered significant.
Results
Study characteristics
A total of 981 citations were identified and screened. Thirty-five articles were retrieved for full-text evaluation ( fig.  1 ). After exclusion of ineligible manuscripts, 14 potentially eligible RCTs were identified. One was excluded because it compared patients with multiple myeloma who were treated with plasma exchange and early peritoneal dialysis versus late haemodialysis [11] . The other four were analysed separately because they enrolled patients at risk for AKI but did not require the diagnosis of AKI upon inclusion [12] [13] [14] [15] . Thus, our main analysis included seven RCTs [5] [6] [7] [8] [16] [17] [18] and two semi-randomised trials [19, 20] . One study randomised patients to receive early highvolume haemofiltration, early low-volume haemofiltration, or late low-volume haemofiltration [16] . For the purpose of this analysis, the two early groups were merged. The characteristics of the nine selected studies are listed in tables 1 and 2. The studies were conducted between 1970 and 2015 in seven different countries. All studies were open-label, with a Jadad score of 1 to 3. Patients randomised in the early initiation group received RRT within 6 to 12 hours of eligibility in four studies [5] [6] [7] 16 ]. In the remaining five studies, early group patients had also to fulfil certain criteria in order to receive RRT (table 2). Late RRT initiation was based on variable criteria that differed throughout the studies. RRT was provided in 91 to 100% of patients in the early group and 51 to 100% of patients in the late group. Three studies used only continuous RRT at least for the first week [6, 16, 17] and three studies only intermittent haemodialysis [8, 19, 20] . The follow-up period varied from 14 days to 6 months. Four studies enrolled patients at risk for AKI [12] [13] [14] [15] . Their characteristics are presented in table 3. A funnel plot for all 13 studies (9 in patients with AKI and 4 in patients at risk for AKI) is depicted in supplementary figure S1 (appendix 2). No major asymmetry was identified.
Mortality
The primary analysis included six studies that reported inhospital mortality [7, 8, 16, [18] [19] [20] , two studies reporting 60-day mortality [5, 6] and one study reporting 14-day mortality [17] . Early RRT was not associated with reduced mortality: RR 0.91, 95% CI 0.72-1.16, p = 0.46 ( fig. 2a) . The results were moderately heterogeneous (I 2 = 49%, p = 0.05). Study design accounted for the majority of the heterogeneity. When only the four RCTs that offered RRT in the early arm within 6 to 12 hours of eligibility were included in the analysis, the results were similar (RR 0.93, 95% CI 0.82-1.06, p = 0.30) but the I 2 dropped to 0% (p = 0.44) ( fig. 2b) [5] [6] [7] 16] . No significant survival benefit was identified in the four studies conducted before 1996 (RR 0.58, 95% CI 0.25-1.35, p = 0.20, I 2 = 67%) [17] [18] [19] [20] or the five studies conducted after 1996 (RR 0.97, 95% CI 0.80-1.17, p = 0.72, I 2 = 32%) [5] [6] [7] [8] 16] . The results were similar when the studies with a Jadad score of 1 or 2 were excluded (RR 0.95, 95% CI 0.76-1.19, p = 0.65, I 2 = 44%) ( fig. 2c ). There was still moderate heterogeneity after those additional analyses. The analysis of the studies in patients at risk for AKI included one study reporting mortality at 14 days [14] , one at 30 days [13] and two studies reporting in-hospital mortality [12, 15] . No survival benefit was identified in patients undergoing preventive dialysis compared with patients in the conservative arm: RR 0.85 (95% CI 0.52-1.41, p = 0.54). The results were highly heterogeneous (I 2 = 69%, p = 0.02). When all 13 studies were analysed together, no survival benefit was identified with early or preventive dialysis versus standard of care: RR 0.91 (95% CI 0.75-1.12, p = 0.38, I 2 = 53%) ( fig. 3 ). Three studies reported mortality at 28 days [5, 6, 16] , two in the intensive care unit [7, 16] , and two at 90 days [6, 7] (supplementary figs S2, S3, S4, appendix 2). Among the studies in patients at risk for AKI, two reported mortality at 28 to 30 days [13, 15] , one in the intensive care unit [15] , and one at 90 days [15] (figs S2, S3, S4). Results were qualitatively similar to the overall results at 60 days.
Renal recovery and catheter-related infections
Seven studies provided data on renal recovery: three at 90 days [6] [7] [8] , one at 60 days [5] , one at 14 days [17] , and two upon hospital discharge [13, 20] . The percentage of patients among survivors who recovered enough renal function to be off dialysis was similar with early RRT and with late RRT: RR 1.02, 95% CI 0.99-1.06, p = 0.16 ( fig. 4) . No significant heterogeneity was detected (I 2 = 0%, p = 0.87). Additional analyses including only studies with a Jadad score of 3, those conducted after 1996, those that used only continuous RRT at least during the first week, or those that offered RRT within 6 to 12 hours of eligibility provided similar results. One study in patients at risk for AKI provided data on renal recovery [15] . All patients recovered enough renal function to be off dialysis at 90 days. Inclusion of this study in the meta-analysis yielded similar results ( fig. 4) . Seven studies provided data on the number of patients who received RRT in each group, as well as three studies in patients at risk for AKI. The proportion of patients who received RRT was higher in the early group compared with the late group: RR 1.41, 95% CI 1.13-1.77, p <0.01. Four studies reported catheter-related infections [5, 7, 8, 16] . Early initiation of RRT was associated with higher incidence of catheter-related infections compared with late initiation of RRT: RR 1.82, 95% CI 1.03-3.21, p = 0.04. No significant heterogeneity was detected (I 2 = 0%, p = 0.55).
Discussion
Early RRT with prompt removal of the uraemic toxins and prevention of acid-base, electrolyte and volume-related disorders has been considered in an attempt to improve survival among critically ill patients. This was suggested by few small RCTs and several heterogeneous observational cohort studies. The KDIGO clinical practice guidelines suggest considering "the broader clinical context, the presence of conditions that can be modified with RRT, and trends of laboratory tests" to make the decision to start RRT (table S1, appendix 2) [4] . To better estimate the risks and benefits associated with early RRT, we performed a systematic review and metaanalysis including 1379 patients from nine different RCTs. We found that early initiation of RRT was not associated with a significant improvement in mortality, particularly in studies conducted in the context of contemporary critical care therapy (after 1996). The overall power of the available studies, even when combined, may be limited. Although the results were not significant, suggesting that the best interpretation is that there is no difference in survival, the point estimates did not rule out the possibility of a modest survival benefit in the range of 7 to 9%. Conversely, the data did not suggest any apparent impact on renal recovery with early dialysis and confirmed that early RRT is associated with an increased risk of serious infection. We also examined in a post hoc analysis whether preventive RRT in patients at risk for AKI was associated with improved survival. The studies were highly heterogeneous and did not suggest any survival benefit. However, the point estimate was in the same range as in studies in AKI patients and a modest protective effect cannot be formally ruled out. Our results are in agreement with two recently published meta-analyses, including most of the studies in this report [21, 22] . However, the authors of the first study did not review trials in patients at risk for AKI and did not include the older RCTs [21] . The second meta-analysis was not prospectively registered, did not include the older RCTs, and did not differentiate between studies in patients at risk for AKI and studies in patients with AKI [22] . The absence of a mortality benefit in our analysis contrasts with the results of previous meta-analyses that mainly included observational studies [2, 3, 23] . However, observational trials have clear limitations, as patients in the two treatment arms might have been fundamentally different. There is a substantial probability that these studies were impacted by indication bias in which the delayed use of dialysis in sicker or moribund patients accounted for the detected benefits rather than any treatment effect. Notably, there was significant heterogeneity among the included trials. Study design seems to be the most important factor underlying this heterogeneity. Older trials used different arbitrarily selected cut-offs in urea or creatinine levels to assign patients to the early RRT group, whereas most recent studies offered RRT in the next few hours post randomization in all patients in the early group. When only trials with this design were included in the analysis, the result was similar but the confidence interval was narrower, suggesting a potential trend towards modestly lower mortality with early RRT. The heterogeneity was significantly lower with I 2 dropping from 53 to 0%. The percentage of patients among survivors who recover enough renal function to be off dialysis tended to be higher, although not statistically significantly, with late RRT com- Age >20, UNa + >50 mmol/l, UOsm <400 mOsm/kg, urine/plasma creat <20, renal failure index >2 AIDS = acquired immunodeficiency syndrome; AIN = acute interstitial nephritis; AKI = acute kidney injury; APACHE II = Acute Physiology and Chronic Health Evaluation II score; ATN = acute tubular necrosis; BUN = blood urea nitrogen; CABG = coronary artery bypass grafting, CKD = chronic kidney disease; creat = creatinine; CrCl = creatinine clearance; CVP = central venous pressure; Δcreat = change in creatinine levels from baseline; GCS = Glasgow coma scale; GN = glomerulonephritis; HUS = haemolytic uraemic syndrome; KDIGO = Kidney Disease Improving Global Outcomes; NA = not available; N-GAL = neutrophil gelatinase-associated lipocalin; RPGN = rapidly progressive glomerulonephritis; SOFA = Sequential Organ Failure Assessment score; TTP = thrombotic thrombopenic purpura; UNa + = urine sodium; UOP = urine output; UOsm, urine osmolality pared with early RRT. This result may be explained by haemodynamic factors in dialysis patients who are exposed to high ultrafiltration rates [24] . Notwithstanding, the choice of RRT modality (intermittent haemodialysis versus continuous RRT) did not affect the analysis results.
We also identified a higher incidence of catheter-related infections among early RRT patients. This result was mainly driven by one RCT [5] , but raises concern about a potentially serious complication observed with a strategy that failed to show any clear clinical benefit. The cost associ- In-hospital AKI = acute kidney injury; BUN = blood urea nitrogen; CABG = coronary artery bypass grafting; creat = creatinine; CVVH = continuous veno-venous haemofiltration; CVVHDF = continuous veno-venous haemodiafiltration; Δcreat = increase in creatinine levels; ECMO = extracorporeal membrane oxygenation; ESRD = end-stage renal disease; IHD = intermittent haemodialysis; NA = not available; RRT = renal replacement therapy; SAPS II = simplified acute physiology score II; SOFA = Sequential Organ Failure Assessment score; UOP = urine output Only the trials that offered renal replacement therapy within 6 to 12 hours of eligibility were included. © Only studies with a Jadad score >2 were included. Data are presented as risk ratios with 95% confidence intervals. A random-effects model was used.
Figure 3:
Forest plot demonstrating the impact of early renal replacement therapy on in-hospital or 60-day mortality compared with late renal replacement therapy in patients with acute kidney injury (AKI) (9 studies), at risk for AKI (4 studies), and in all 13 studies. Data are presented as risk ratios with 95% confidence intervals. A random-effects model was used.
ated with RRT and vascular access issues in patients who would otherwise recover enough renal function to stay off dialysis are other potential implications of the early strategy that have not been explored. Our findings suggest that early RRT has no significant effect on mortality compared with late RRT among patients with AKI. One may suggest that watchful waiting can still identify patients who will benefit from RRT in a timely fashion while avoiding RRT-related complications in patients who will not ultimately need it. However, we cannot formally rule out a modest effect with a best estimate of 9%, suggesting a critical need for adequately powered RCTs to provide definitive data on this question. Nevertheless, if the true effect is close to what was seen in the main analysis, a future RCT should have a sample size of 3130 patients to identify this effect with a power of 80% and a two-sided alpha test set at 0.05, assuming a baseline mortality rate of 50% [5, 6] . However, if the true benefit is closer to that seen in higher quality studies, 12 548 patients would be needed. Most importantly, this study points out the appalling lack of data on a critical question that has not been adequately addressed despite dialysis being available for almost 70 years. Only four RCTs with significant sample size have been conducted and only one study included more than 250 patients. Two clinical trials are currently recruiting participants: the definitive phase of the STARRT-AKI trial with an estimated enrolment of 2866 patients and the IDEAL-ICU study with an estimated enrolment of 864 patients [25, 26] . Their results are eagerly awaited, but our data suggest that they may be inadequately powered to detect the most likely effect size on their own. With no definite answer to this question, clinicians are probably justified to use clinical intuition when treating AKI in critically ill patients. Several limitations of this meta-analysis need to be mentioned. Although we combined nine studies with 1379 patients, our results should be interpreted with some caution as we lacked power to rule out potentially small but real benefits with this sample size. Patients across different
RCTs had variable causes and degrees of AKI. The decision of RRT modality was left to the investigators' discretion. There was no information on the impact of volume overload at the time of RRT initiation. Delivered dose of RRT was not available and might have been different from the prescribed dose. Patients with acute glomerular or interstitial disorders were excluded from most trials. Severity of underlying disease, as depicted by the SOFA and APACHE II scores when available, was variable across the different studies. The definitions of the early and the late strategy were very different across the studies: for example, the early group in the AKIKI trial was similar to the late group in the ELAIN study. RRT weaning, used to assess for renal recovery, reflects heterogeneous clinical decision making and is an imperfect surrogate for physiological recovery, although clearly clinically relevant. Furthermore, six trials were single-centre, and the quality of most of them, as assessed by the Jadad score, was suboptimal. Searching was limited to one database (PubMed) and English and French languages. We did not systematically search for unpublished, meeting abstracts not cited in PubMed. Given the small number of published trials of any size in this area, it is unlikely than any trials of even small sample size would remain unpublished, particularly if positive. Thus, inclusion of any such studies would almost certainly have attenuated the mortality benefit even further and would have been extremely unlikely to have increased the apparent mortality benefits. In addition, we did not detect significant evidence of major publication bias.
In conclusion, early RRT in patients with AKI is not associated with significantly lower mortality rates compared with late RRT, and appears to be associated with more infectious complications. At the present time, therefore, the data suggest that the approach to AKI patients should remain individualised, with careful observation for infectious complications in those receiving dialysis. Our analysis also points out the absence of adequate data to address a clinical question that has been present for more than six Figure 4 : Forest plot demonstrating the impact of early or preventive renal replacement therapy on renal recovery at the end of the study follow-up compared with late renal replacement therapy in patients with acute kidney injury (AKI) (seven studies), at risk for AKI (one study), and in all eight studies. Data are presented as risk ratios with 95% confidence intervals. A random-effects model was used.
decades and the need for a trial including more than 3000 randomised patients to answer this question definitively. One or more criteria may be present for renal replacement therapy initiation. Consider the broader clinical context, risks related to the RRT procedure, and potential for spontaneous recovery [4] . Figure S1 : Funnel plot of the 9 randomised controlled trials in patients with acute kidney injury and the 4 trials in patients at risk for acute kidney injury. X axis is the risk ratio for mortality on a natural logarithm scale. Y axis is the standard error of the natural logarithm of risk ratio for mortality. 
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